The biological invasion of alien crayfish species has had negative effects on native ecosystems. For example, they compete for food and space with other animals, introduce disease and parasites, consume fish eggs, and destroy weed cover (Holdich, 1999) . In Europe, alien crayfish species have displaced native crayfish species by direct competitive exclusion and predation (Holdich and Domaniewski, 1995; Söderbäck, 1995) , and by transmission of crayfish plague Aphanomyces astaci Schikora, 1903, which is lethal to all European crayfish species, but to which North American crayfish species are resistant (Alderman and Polglase, 1988; Alderman et al., 1990) .
In Japan, the only native crayfish species, Cambaroides japonicus (De Haan, 1841), lives in cold, clear brooks and lakes in northern Japan: Hokkaido, Aomori, Akita, and Iwate Prefectures (Miyake, 1982) . In the past, C. japonicus had a widespread distribution in Hokkaido (Okada, 1933; Kawai, 1996) , but natural populations of C. japonicus have drastically declined, prompting the Japanese Fisheries Agency in 1998 and the Environment Agency in 2000 to declare it as an endangered species. This decrease in C. japonicus is believed to result from river improvement (Kawai et al., 2002a) and from the alien crayfish species Pacifastacus leniusculus (Dana, 1852) (Kawai et al., 2002a; Nakata et al., 2002b) .
The signal crayfish P. leniusculus was first introduced into Japan from North America for use as food in 1928 (Kawai et al., 2002b) . At first, it was distributed in Lake Mashu in eastern Hokkaido, but its distribution rapidly extended to other lakes and rivers, especially in eastern Hokkaido (Hiruta, 1998; Nakata et al., 2001 Nakata et al., , 2002b . Recently, a population of P. leniusculus was newly found in Lake Onogawa in Fukushima Prefecture outside Hokkaido (Nakatani and Yokoyama, 2003) . In some lakes in Hokkaido, P. leniusculus has displaced C. japonicus (Kawai et al., 2002a; Nakata et al., 2002b) , but no scientific evidence has shown whether the impact by P. leniusculus has caused extinction of local populations of C. japonicus. Nakata and Goshima (2003) examined competition for shelter, which may cause species displacement between species, between C. japonicus and P. leniusculus by using artificial burrows of preferred sizes made of greycoloured straight PVC pipes in the laboratory. According to their study, P. leniusculus dominated C. japonicus for shelters, and the results suggest that the superiority of P. leniusculus over C. japonicus causes species displacement between these two species. Therefore, as a precaution, we must prevent the extension of distribution of P. leniusculus in Japan to conserve local populations of C. japonicus. For that purpose understanding the ecology of P. leniusculus in Japan is important; in particular, understanding its reproductive cycle is important to control its populations, but no study has clarified this in Japan so far.
This study aimed to clarify the reproductive cycle of P. leniusculus in Hokkaido, Japan. We also compared the results of this study with the reproduction of P. leniusculus in North America and Europe as reported by previous studies.
MATERIALS AND METHODS

Size Measurements
In this study, the total length (TL) of crayfish from the apex of the rostrum to the caudal margin of the telson and the carapace length (CL) from the posterior margin of the orbit to the mid-dorsal posterior margin of the carapace were used as measurements of the size of crayfish.
Study Site
The study site, Lake Shikaribetsu (438179N, 1438079E), is in Shikaoi Town and Kamishihoro Town of eastern Hokkaido, Japan. The lake is fresh water, with a surface area of 3.44 km 2 and a maximum depth of 99 m (Motoda, 1950) , and the whole lake surface area is frozen over throughout the winter (in general, between December and April). The range of water temperature at the bottom is from 08 to 208C (Motoda, 1950; Nakata et al., 2002b) . In the lake, the population of C. japonicus has become extinct, and the population of P. leniusculus has been established over a decade and has markedly increased (Kawai et al., 2002a; Nakata et al., 2002b) . We selected an area as the sampling station that is inferred as the initial release point of P. leniusculus and where the individual density is highest in the lake (Nakata et al., 2002b) .
Field Sampling
We sampled P. leniusculus monthly or semimonthly from August 2002 to August 2003. However, we could not sample between January and April 2003 because the lake was frozen over (approximately 70-90 cm maximum ice thickness; Lake Shikaribetsu Nature Center, unpublished data). Four cage traps (48 cm 3 48 cm 3 24 cm, l 3 w 3 h; 5-mm mesh size) with a frozen saury, Cololabis saira (100 g weight), were set along the lakeshore at intervals of approximately 5 m in the study station. The traps were set in the late afternoon and were visited early the following morning because P. leniusculus is active at night (Kozák et al., 2002) and often hides in a shelter in the day (Nakata et al., 2003b) . Water temperatures were measured at the bottom, where the crayfish reside, both when setting and emptying the traps. In sampling on 8 December 2002, the water of the sampling station was starting to freeze (15 cm maximum ice thickness). Therefore, we broke the ice at the sampling station by using a pickax and then set the traps.
Each crayfish collected was sexed and the CL was measured to 0.1 mm accuracy by using vernier calipers. For female crayfish, we observed whether the crayfish carried eggs or hatchlings on the pleopods or not. The developmental stages of the eggs were classified as: 1) uneyed eggs; 2) eyed eggs; 3) juveniles. For nonovigerous females, we observed whether spermatophores were attached to their sternums.
Rearing Ovigerous Female Crayfish
In A Laboratory Tank
One ovigerous female P. leniusculus (35.7 mm CL, 96.9 mm TL) collected by sampling on 25 June 2003 was reared in a tank (45 cm 3 30 cm 3 32 cm, l 3 w 3 h), which contained ground water that was constantly filtered and aerated, to observe egg development. The eggs were eyed at the start of rearing (see Results). An artificial burrow made of a greycoloured straight PVC pipe was provided in the tank. The size of the artificial burrow was based on Nakata et al. (2003b) that examined artificial burrow preference of P. leniusculus. Water temperature was maintained at 15 6 38C. The photoperiod was 12 h light : 12 h dark. During the day, light from white fluorescent lamps at a light intensity of 100 lx maximum was directed onto the water surface. The rearing water was not changed. The crayfish was fed with two kinds of artificial diets that were effective to rear C. japonicus at high levels of growth and survival (Nakata et al., 2003a) . The ovigerous female was reared from 25 June 2003 until the eggs hatched.
Relationships Between Egg Numbers, Diameters, And Weights To CL Of P. leniusculus
Ovigerous females were collected on 19 October 2002, and all eggs were collected from the pleopods of each ovigerous female by using forceps. The number of eggs was counted for each crayfish to calculate the relationship between female CL and the number of eggs attached to the pleopods. The egg diameter and egg weight were measured by using 10 eggs selected randomly for each individual to calculate the relationship between female CL and the egg sizes or weights. The egg diameter was calculated from the mean lengths of the major and minor axis measured by using a profile projector (V-12A; Nikon, Japan). The egg weight was calculated from the mean weight of 10 eggs weighed by using an electronic force balance after the eggs were dehydrated by using a paper towel.
RESULTS
The water temperatures, which were the mean values when setting and emptying the traps, were from 1.38 to 20.18C during the sampling period. (Fig. 1 ). All eggs hatched by 11 July 2003 in the laboratory tank.
The smallest CL of ovigerous females was 29.7 mm. The egg numbers were from 70 to 468 (n ¼ 36). The relationship between crayfish CL (X, mm) and the egg numbers attached to pleopods (Y) is described by the linear regression ( The egg diameter and the egg weight were 2.39 to 2.88 mm (n ¼ 39) and 0.007 to 0.012 g (n ¼ 39), respectively. Neither egg diameter nor weight significantly increased as the crayfish CL increased (Kendall rank correlation coefficient, egg diameter: s ¼ 0.11, P . 0.05, egg weight: s ¼ 0.095, P . 0.05) (Figs. 3, 4) .
DISCUSSION
Neither ovigerous female crayfish nor the female with spermatophore attachments was observed in sampling on 11 October 2002, but ovigerous females were collected on 18 October 2002. Therefore, mating and spawning were between 11 and 18 October in Lake Shikaribetsu that year. Thus, female P. leniusculus appear to spawn for a short period after mating. This conclusion agrees with the result of the Guan and Wiles (1999) study in laboratory tanks that showed P. leniusculus spawns within one week, usually 2-3 days, after mating.
The stage of egg development was eyed eggs in sampling on 8 July 2003, but females that had hatchlings were observed on 18 July 2003 (Fig. 1) . Therefore, the eggs hatched in mid July. (Fig. 1) , so the juveniles would be independent from their mother between late July and August in Lake Shikaribetsu.
In conclusion, the reproduction of P. leniusculus in Lake Shikaribetsu can be described as: mating and spawning is in mid October; eggs develop to eyed eggs in mid June the following year and hatch until mid July; after remaining with their mother for several weeks, the juveniles are independent of their mother between late July and August. The reproductive cycle of crayfish is controlled by water temperature and photoperiod (e.g., Stephens, 1952; Mason, 1977; Dubé and Portelance, 1992) . The annual changes in water temperature and photoperiod are not greatly different in Lake Shikaribetsu (Lake Shikaribetsu Nature Center, unpublished data); therefore, similar reproductive cycles of P. leniusculus shown by our study may occur in this lake every year. Hamano et al. (1992) collected P. leniusculus in Lake Mashu, eastern Hokkaido, from 3 to 10 August 1991. According to their study, females of P. leniusculus that have eggs or hatchlings were observed, that is, the time of hatching and independence from the mother appears to be late in Lake Mashu compared with Lake Shikaribetsu. The differences in water temperature and photoperiod between the two lakes could cause a small difference in the timing. However, annual changes in water temperature are not greatly different between lakes in Hokkaido (Hokkaido Research Institute for Environmental Pollution, 1990) ; hence, the reproductive cycles of P. leniusculus that invaded lakes in Hokkaido may be relatively similar to our results. Lewis (2002) reviewed the reproduction of P. leniusculus in North America and Europe. Spawning is during October in most populations, and the times of egg hatching are from late March to early April (Sacramento River/Delta, California, U.S.A.), in late April (Lake Billy Chinook, Oregon, U.S.A.), from late April to early June (Barry Creek, Oregon, U.S.A.), in late May (United Kingdom), from June to July (Lake Tahoe, California, U.S.A., Sweden), and in early July (Finland). The time of spawning in Lake Shikaribetsu in our study was similar to that of populations in North America and Europe. However, the time of egg hatching in Lake Shikaribetsu is markedly later compared with some populations in North America and United Kingdom. The low water temperature during the freezing season may cause the longer period until egg hatching in Lake Shikaribetsu.
Many previous studies of reproductive cycle of P. leniusculus were observed in either the field or laboratory, but our study combined the field sampling and aquarium observation. We obtained more accurate data about the time of egg hatching by this method. This combination may be useful when studying the reproductive cycle of crayfish.
In our study, the egg number attached to pleopods significantly increased as the crayfish body size increased, which agreed with the egg number of populations in North America and Europe (reviewed by Lewis, 2002) .
Generally, the reproductive cycle of the endangered Japanese crayfish species C. japonicus can be described as: mating is between September and October and the females spawn in May of the following year; eggs hatch between June and July (Kawai et al., 1994; Kawai and Saito, 2001 ). The number of pleopod eggs of female C. japonicus is 30 to 70 (Kawai et al., 1990) , a far smaller number of eggs compared with P. leniusculus, as shown by our study. Age at maturity of C. japonicus is 5-6 years (Kawai et al., 1997) , whereas age at maturity of P. leniusculus varies from 1 to 3 years (Abrahamsson, 1971) . Therefore, P. leniusculus clearly has markedly higher reproductive abilities compared with C. japonicus. Hence, the population density of P. leniusculus could greatly increase compared with C. japonicus if P. leniusculus invades the habitats of C. japonicus. The fundamental niche could overlap between the two crayfish species as a result of the invasion of P. leniusculus; therefore, competition for limited resources between the two crayfish species may occur. For example, shelter is an important resource for crayfish (Bovbjerg, 1970) . Pacifastacus leniusculus may dominate C. japonicus in shelter competition (Nakata and Goshima, 2003) . A crayfish plague from P. leniusculus can infect C. japonicus under laboratory experimental conditions (Unestam, 1969) . Pacifastacus leniusculus is highly adaptable to a wide range of environments compared with other crayfish species (Lewis, 2002) ; for example, P. leniusculus has a higher tolerance to high water temperature than C. japonicus . From these points, P. leniusculus could easily be established in the habitats of C. japonicus and would have a negative impact on C. japonicus. No scientific evidence has shown whether the impact by P. leniusculus has caused the extinction of local populations of C. japonicus in Hokkaido, but as a precaution, we should take prompt measures and actions to deal with the ever-increasing distribution of P. leniusculus in Japan.
